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Abstract
This investigation details the effect of a quench-and-temper processing treatment on the
mechanical properties of a microalloy steel being considered for use as a pipeline flange.
Microalloy steels are normally processed via Thermo-Mechanically Controlled Processing
(TMCP) due to the increased strength from ferrite grain refinement; however, the geometry of
a pipeline flange requires post processing beyond TMCP which diminishes the strengthening
effect provided by TMCP. The purpose of this research project is to determine the mechanical
properties produced when a vanadium microalloy steel is quenched and tempered. The two
major considerations are the effect of tempering time on properties and the property increase
due to a vanadium microalloy inclusion. In order to quantify the property increase the
vanadium inclusion is responsible for, a plain carbon steel of equivalent carbon content to the
microalloy steel was processed alongside the microalloy steel. Sections of a vanadium
microalloy flange were tempered for eight and sixteen hours at 600oC, then examined for their
microstructure. Longer tempering time resulted in larger grain size, lower hardness, and
increased toughness for both alloys. Microalloy samples were harder than their plain carbon
equivalent in each processing condition and generally exhibited higher toughness.
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1. Introduction
i. Background
The oil and gas industry relies on steel and other ferrous alloys for many of their
metallurgical components within refineries and pipelines. Plain carbon steel, the least
expensive of all ferrous alloys, is not adequate for many applications within energy production
due to its relatively low strength and low corrosion resistance. As a result, energy companies
are buying steels with alloying inclusions in order to produce metal components with adequate
strength and corrosion resistance to withstand the demanding processes associated with
refining crude oil, one such ferrous material is microalloy steel.
Microalloy (MA) steels are a derivative of the high-strength low-alloy (HSLA) steel family
in which the content of each alloy element is limited to 0.1 wt%.1 Limiting the amount of alloy
elements reduces the price of these steels compared to HSLA steel while still retaining high
strength and corrosion resistance. MA steels receive their strength due to their refined ferrite
grain size at room temperature and dispersion precipitation hardening. Having a small ferrite
grain size causes the number of grain boundaries in the microstructure to increase, thus
reducing the distance a dislocation can travel before being inhibited by a high-energy grain
boundary. Dispersion hardening increases strength due to the mechanism of Orowan bowing in
which incoherent precipitates cause dislocations to bow around them, thus inhibiting their
motion.
MA steels are popular in oil and gas production settings, however their use is limited to
components that can be produced through Thermo-Mechanically Controlled Processing,
(TMCP) a form of hot rolling. TMCP has been shown to provide excellent ferrite grain
refinement plus dense nucleation of small-high strength precipitates.1 The problem with TMCP
is that relatively few geometries can be forged in this method, so MA steels processed
otherwise may not show the same high mechanical properties as TMCP components. To date,
insufficient research has been conducted on using other processing methods for MA steels
which is why these materials have not been completely adopted in energy production. Chevron
ETC believes that the vanadium precipitation experienced by quenching and tempering an MA
1

steel may provide enough strengthening for components that cannot be processed through
TMCP.
ii. Quench and Temper Process
Quench and Temper (Q&T) heat treatments strengthen a steel by forming the
microstructure tempered martensite. Marteniste, the structure formed as a result of quenching
austenitized steel, is a strong yet brittle microstructure due to the internal strain of its body
centered tetragonal crystal structure. Martensite forms because when a carbon steel is quickly
cooled, the carbon dissolved in austenite grains is not able to diffuse out of solution. Carbon
atoms mechanically shear the FCC austenite grains into a Body-Centered Tetragonal (BCT)
structure, because they are not able to kinetically diffuse out of the austenite solution. The BCT
structure is an internally strained structure for steel and its alloys, and the internal strain results
in martensite’s high strength and brittleness. Tempering martensite allows the carbon atoms
trapped in the BCT crystal to coalesce into cementite precipitates. The strengthening
mechanism is the same as the precipitation that occurs with hot rolling MA steels, however the
precipitates are iron and carbon intermetallic compounds.2 If Q&T heat treatments can provide
similar amounts of strengthening as hot rolling for MA steels, the alloy system can be
permittable for many more uses in oil and gas refining, allowing for lower cost yet strong
metallurgical components.
The MA steel Chevron is considering to adopt for their components that cannot be hot
rolled has a carbon content comparable to 1018 steel. With such a low carbon steel, tempered
martensite will not provide the major contribution to strengthening, it is expected that a fine
ferrite grain structure combined with large amounts of small microalloy precipitates will
provide the MA steel’s strength. Although not much tempered martensite is expected in this
experiment, the mechanism of supersaturating the iron matrix through quenching is similar.
The major difference is that interstitial carbon atoms are not the solute being supersaturated, it
is substitutional transition metal atoms, such as niobium, titanium and vanadium. The principal
MA element present in the steel Chevron is researching is vanadium. Vanadium’s
thermodynamic behavior suggests a promising strength increase with tempering heat
2

treatments due to the amount of nitrides and carbides that will be precipitated out. In the
transition from austenite to ferrite.
iii. Thermodynamics of MA Precipitates
The principal reason vanadium is popularly allowed in steel is due to its solubility. Figure
1 shows that the most soluble compound in austenite is VC, while VN is the third most soluble.
Each series depicts the log of each compound’s solubility constant as the inverse of
temperature changes, so a larger y value and a larger x value describe a compound that is
highly soluble in austenite at a relatively low temperature. This means that little to no
precipitation will occur until the steel reaches the Ar3, the temperature at which proeutectoid
ferrite begins to form. High solubility is beneficial to the strengthening process because
precipitates have no time to coarsen since they nucleate late in the cooling process, maximizing
the net interfacial energy. Vanadium rich precipitates form first as nitrides, then nitrogen rich
carbonitrides, and finally carbides once all nitrogen is used.3

Figure 1. Solubility of alloy carbides and carbonitrides in austenite. Reprinted from The role of vanadium in
microalloyed steels, by Lagneborg et. al, 1999, Copyright 1999 by Scandinavian Journal of Metallurgy.

Nitrogen is a significant element in the precipitation of vanadium in steel because it
serves as the driving force for precipitation of the MA elements. Adding more vanadium to the
steel will also lead to a higher driving force for precipitation, however including nitrogen in steel
has no cost while minimizing vanadium greatly lowers the cost of the steel. With a higher
nitrogen content, and thus driving force, the rate of precipitate nucleation increases. Higher
3

nucleation rates cause both the mean precipitate size and spacing to decrease. This coupled
with the fact that precipitates do not form until the transformation from austenite to ferrite
begins are why vanadium precipitates are effective in strengthening steel.
In order to quantitatively assess the state of precipitation in a steel based on its
tempering temperature and time, the Larssen-Miller parameter can be used. Gladman provides
an equation for determining the P for Q&T steels with:
𝑃 = (𝑇 ∗ (20 + 𝐿𝑜𝑔10 𝑡)) ∗ 10−3

(Eq. 1)

Where T is temperature in Kelvin and t is the time in hours.2 Gladman has found that for
vanadium alloyed steels, the P resulting in the largest yield strength is 18.5. Figure 2 displays
Gladman’s data which provides evidence for peak aging at a P of 18.5.2 Using equation 1 with a
temperature of 600oC, this P translates to a tempering time of 16 hours. Such a long tempering
time raises concern for both coarsening of precipitates and the coarsening of ferrite and
pearlite grains, however none of these have been observed with temper treatments at 600oC.
Golden’s work on tempering vanadium steels showed average ferrite grain sizes of 5.5μm ± 2 as
quenched and 5.9μm ± 4 after a one hour temper.3 Golden concluded the increase in average
grain size was not statistically significant and this can be explained by both cementite
precipitates and vanadium-rich precipitates pinning grain boundaries to inhibit their growth.

4

Figure 2. Aging curve for a vanadium MA steel. X-axis is the P value using a temperature of 273 oC. The vanadium
steel shows peak aging at a P of 18.5. Reprinted from The Physical Metallurgy of Microalloyed Steels by T.
Gladman, copyright the Institute of Metals 1999.

Knowing that the high solubility of V in austenite should result in little precipitation of VC
and VN until quenched and tempered at 600⁰C, plus the optimum P for yield strength of a
vanadium MA steel being 18.5 shows promise for a Q&T process providing the high mechanical
properties characteristic of MA steels processed through TMCP. These two characteristics of
vanadium MA steels and Chevron’s interest of determining a viable processing method for their
MA steel components form the basis of this research project. This investigation will determine
the effect of increased tempering time on the mechanical properties of a vanadium MA steel,
and to determine the effect of a vanadium microalloy inclusion on the resulting microstructure
and thus properties of an MA steel subject to a Q&T process.

2. Materials and Investigation Design
In order to quantify the strengthening contribution of vanadium to Chevron’s MA steel,
the MA steel was heat treated and tested alongside a plain carbon steel of equivalent carbon
and manganese content. The properties of concern in the investigation were toughness and
hardness so all samples were sectioned prior to heat treatment into dimensions close to those
of Charpy Impact test bars. Three sets of three bars were sectioned for each alloy, making
eighteen bars in total. One set of bars for each alloy was tested in the as-quenched condition,
one set was tested after an eight hour temper, and the final set was tested after tempering for
5

sixteen hours. A one cm3 section was cut from each bar after its respective heat treatment. One
face of the section was used for a macrohardness survey, then each opposite face was mounted
and etched to reveal the microstructure. Average grain sizes were measured for a sample in
each processing condition plus the percent secondary phase present. After micrographs were
captured, a Microhardness survey was conducted on each mount.
The chemical composition of the Microalloy steel provided by Chevron’s upstream ETC
office in Houston, Texas is shown in Table I. The MA steel was received as a 1/8 th section of a
pipeline flange with an outer diameter of ten inches. Table I also contains the composition of
the plain carbon steel, a cross-certified ASTM A36/A572 steel purchased from Albany Steel in
Albany, California. The A36/A572 steel was purchased from Albany as a two foot long bar stock
of ½ inch thickness and 2 inch width. Figures 3 and 4 show the as-received microstructures of
the Microalloy steel and plain carbon steel respectively.
Table I: Composition of MA Steel Provided by Chevron ETC
Composition (wt%)

C

Mn

P

S

Si

V

Al

Nb

Ti

N

Microalloy

.16

1.19

.012

.005

.24

.084

.017

.003

.003

.0198

A36/A572

.13

1.06

.011

.006

.22

.015

.043

.014

.002

.038

Figure 3. Micrograph of MA steel as-received. Immersion etched with 2% Nital for 10 seconds. Image captured at
200x magnification. Smaller average grain size and larger percentage of secondary phase contribute to the higher
strength of this alloy as received.
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Figure 4. Micrograph of A36/A572 steel as-received. Immersion etched in 2% Nital for 20 seconds. Image captured
at 200x magnification. A primarily ferritic structure with fine pearlite is present.

Macrohardness in the as-received condition showed the MA steel to be 90.6 HRB while the
plain carbon steel was 77.8 HRB. The MA steel’s hardness is justified by the larger amount of
secondary phase present in Figure 4 along with the smaller average grain size compared to the
A36 steel.
To section nine Charpy bars from the MA pipeline flange section, a Wellsaw 1316 Swivel
horizontal band saw located in the Mustang ’60 machine shop was used for rough cutting. The
final bars were sectioned using the LECO MSX255 abrasive cutoff saw in 192-201. MA bars were
sectioned to a final dimension of 2.75” long by 0.5” square. The A36/A572 steel bar was first
sectioned with the abrasive cutoff saw into a bar of the same nominal width and thickness, and
length of 8.268”. Those bars were then sectioned using the vertical band saw in 41-103 to three
bars of 8.268” long by 0.5” square.
All nine MA bars and all three A36/A572 bars were austenitized at 950 oC for 30 minutes
and quenched in oil. Three MA bars and one long A36/A572 bar were removed from further
heat treatment in order to have samples in the as-quenched condition. Before all tempering
heat treatments, the two remaining A36/A572 bars were sectioned twice with the abrasive
cutoff saw to produce three bars of length 2.756”, the same dimensions as the MA bars. In
order to prevent oxidization of the steels during their temper treatments, each bar was placed
in a stainless steel bag before entering the furnace. Further, two 1cm3 titanium getter chips
were placed in each stainless steel bag. Three of each of the remaining bars for each alloy were
7

then tempered at 600oC for 8 hours. The final three MA bars and one A36/A572 were tempered
at 600oC for 16 hours, at which the Larssen - Miller Parameter suggests yield strength is
maximized. All bagged samples were quenched in oil after their respective temper treatment.
After all sets of bars were processed, one bar from each alloy and process condition had
1cm of length sectioned off for macrohardness testing and metallography. Bars were sectioned
using the abrasive cutoff saw and macrohardness was conducted using the Instron Wilson 2000
series hardness tester with a 1/16 steel ball HRB tip. The MA as-quenched sectioned required
testing with the Brale HRC tip, as it was too hard for the HRB scale. The average of five
individual hardness tests were received for each specific sample. Samples were mounted in
Bakelite, ground at 240, 320, 600, and 800 grit, then polished using 6 and 1 micron pads in
order to produce a finely polished surface for etching. MA and A36 samples were immersion
etched for 10 and 15 seconds respectively in a 2% Nital solution in order to reveal
microstructure.
Both ferrite grain size measurement and percent secondary phase were determined
using the photo-editing software ImageJ. Grain sizes were calculated by measuring the
diameter of 50 grains per condition using the line tool in ImageJ. To determine the fraction of
secondary phase present in each micrograph, the thresholding tool in ImageJ was used. Before
using the thresholding tool, each images’ brightness and contrast were auto-adjusted to alter
each micrograph into as black and white an image as possible. After auto-adjusting brightness
and contrast, the thresholding tool was able to automatically determine the amount of dark
secondary phase, and the results were averaged after at least three different fields were tested.
Microhardness surveys were conducted using a Buehler Microhardness Indenter with
indents being formed using 300 grams of force. 300gf indentations were used in order to
ensure each diamond indentation spanned multiple grains and that no test would measure the
hardness of only one phase. The horizontal and vertical of each diagonal were measured in
micrometers, averaged, and translated to the corresponding Vickers hardness value provided
by the Buehler Microhardness Indenter.
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To determine the toughness of each alloy at each processing condition, Charpy Impact
Tests were conducted by Element Testing Services at their Huntington Beach, CA location. One
sample from each condition was tested at -150oF, -60oF, and 0oF. These temperatures were
based off of ASTM Standard A350, “Standard Specification for Carbon and Low-Alloy Steel
Forgings, Requiring Notch Toughness Testing for Piping Components,” which requires LF6 Class
2 pipeline flanges, the classification for Chevron’s flange in question, to be tested at -60oF. The
remaining two temperatures were selected in order to have a temperature above and below
the required condition. All Charpy tests were performed by Element in accordance with ASTM
E23 Method 16b, except the standard calls for at least three specimens in each condition to be
tested while only one bar at each temperature was tested, eliminating any repeatability in the
determined toughness values.
A small fractography investigation was conducted on both 16 hour temper alloys tested
at -60⁰F, the MA sample tempered for 8 hours and tested at -60⁰F, and the MA sample
tempered at 16 hours and tested at -60⁰F. Before each fracture sample was imaged, all were
cleaned using Isopropyl Alcohol in a sonicator bath in order to remove any foreign objects that
could have collected during the handling and shipping of the impact specimens following
testing. Fractography was conducted using the FEI Quanta 200 SEM operating at high vacuum
condition with an emission potential of 20KeV. Images were captured at the notch surface,
close to the notch surface in the ductile fracture region, and far from the notch were the
fracture mode became brittle.

9

3. Results
i. Microstructures
The resulting microstructures of the as-quenched samples are shown in Figure 5.

Figure 5. As-quenched microstructure of (a) A36 steel and (b) MA steel. The (a) microstructure is a diffusionformed “degenerated pearlite,” while (b) is a mix of lath martensite with ferrite.

The A36 sample was unable to form martensite, the microstructure visible on the SEM
image is classified as “degenerated pearlite.” Degenerated pearlite is a structure formed from
short-scale diffusion to the point where the cementite lamellae are only able to separate into
individual nodules. No lattice shearing occurs during the formation of degenerated pearlite, so
the microstructure has less internal strain than martensite, and, in turn, it is softer and less
strong than martensite. The MA sample formed martensite and ferrite at approximately a
70%/30% split. Micrographs of the A36 and MA samples in the 8-hour temper condition are
shown in Figure 6.
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Figure 6. (a) A36 steel and (b) MA steel after 8 hours of tempering. Microstructure for both samples is a
mix of ferrite and spheroidized iron-carbide. The only major difference between microstructures is the average
grain size for (a) is larger than (b).

Both samples show a ferrite and carbide microstructure, with the major difference
between the two alloys being the grain size for (b) is smaller. Figure 7 shows SEM images of the
samples in the same condition.

Figure 7. SEM image of the (a) A36 steel and (b) MA steel after an 8 hour temper. Carbide nucleation appears only
at ferrite grain boundaries and the boundaries of the prior-quench structure for both samples.

Carbide nucleation appears to occur exclusively on ferrite grain boundaries or the grain
boundaries of the prior constituent, the degenerated pearlite for the A36 sample or the
martensite laths for the MA sample. Microstructures of the 16 hour temper condition show
similar microstructures compared to the 8 hour samples (Figure 8) with the only major change
being grain coarsening.
11

Figure 8. (a) A36 steel and (b) MA steel after 16 hours of tempering. Ferrite and spheroidized iron-carbide
is still present, the major microstructural change for both samples is grain coarsening.

SEM imaging of the A36 and MA samples show a slight change from the 8 hour
condition however (Figure 9).

Figure 9. SEM image of the (a) A36 steel and (b) MA after a 16 hour temper. Carbide nucleation is now
seen at grain/structure boundaries plus within ferrite grains for both alloys.

Carbides formed after 16 hours of tempering are distributed throughout the grain
instead of only at the grain boundaries. Also, both samples show carbide growth of
approximately 1-2 μm from their 8 hour size.
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ii. Microhardness
Microhardness survey results are displayed in Figure 10.

Figure 10. Vickers hardness of each alloy at each processing condition. Microalloy samples were harder compared
to the plain carbon steel in every processing condition and both alloys experienced a decrease in hardness as
temper time increased from 8 to 16 hours.

Microhardness was reported over macrohardness because all samples were measured in the
HRB scale except the MA “As-Quench” sample, which was too hard for HRB and thus measured
in the HRC scale. Microhardness measurements are all reported on the Vickers scale which has
no hardness limit, so all samples were able to be compared without a second measurement
scale.
iii. Grain Size
Figure 11 shows average grain diameter per processing condition per alloy. Average
grain diameter for the as-quenched samples is not reported due to the difficulty to discern the
grain diameter of a martensitic structure for the MA sample

13

Figure 11. Average grain diameter for each alloy and temper condition. Microalloy samples contained smaller
grains in each reported condition. Both alloys experienced a similar level of coarsening between the 8 and 16 hour
temper.

In every condition, MA samples had a smaller average grain diameter than the A36 samples.
Another important observation is that between 8 and 16 hours, both alloys experienced a
similar rate of grain growth. This may be evidence of Ostwald Ripening between 8 and 16 hours
of tempering and will be discussed in the next section.
iv. Percent Secondary Phase
The percentage of secondary phase for every processing condition is reported in Figure
12.

Figure 12. Percent secondary phase other than ferrite present per temper condition per alloy. MA samples were
able to form more secondary phase than A36 samples in every condition, and they were able to retain the amount
of secondary phase between the 8 and 16 hour temper.
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The secondary phases present were: fine pearlite for both samples in the as-received condition,
degenerated pearlite for A36 and martensite for MA samples in the as-quenched condition, and
spheroidized iron-carbide for both the 8 and 16 hour temper conditions for both alloys. The
major observation to be discussed in the following section regarding the percent secondary
phase determination is that the MA samples were able to retain their fraction of iron-carbide
between 8 and 16 hours of tempering. This suggests that the dominant phase of the
microstructure for properties for both alloys is strictly the ferrite matrix.
v. Charpy Impact Testing
Charpy Impact Testing Results for samples tested at -60⁰F, and 0⁰F are shown in Figure
13. The results from testing at -150⁰F are not reported as they are all significantly lower than
the -60⁰F test, and no trends can be discerned from the toughness values received. A temper
time of 0 hours translates to the as-quenched samples.

Figure 13. Impact energy vs tempering time when tested at (a) -60⁰F and (b) 0⁰F. Toughness generally increases as
temper time increases however the microalloy sample at 16 hours absorbed less energy than the 8 hour
equivalent, plus the 8 hour A36 temper was not able to absorb as much energy as its as-quenched equivalent.

As test temperature increased, the amount of energy absorbed for each specific alloy and
processing condition increased. Generally, as temper time increased, the energy absorbed also
increased, except for the 16 hour MA sample tested at -60⁰F and the as-quenched A36 sample
tested at 0⁰F. ASTM Standard A350 requires a minimum impact energy for Class 2 LF6 flanges of
27J when tested at -60⁰F. All tempered samples tested at -60⁰F for both alloys are comfortably
above this minimum and are thus suitable for service per ASTM specification, however the
energy drop between 8 and 16 hours for the MA sample at -60⁰F causes uncertainty at which
tempering time is best for maximum toughness.
15

vi. Fractography
The fracture surfaces for the MA and A36 16 hour temper specimens tested at -60⁰F are
shown in Figure 14.

Figure 14. Fracture surfaces of (a) A36 and (b) MA samples tempered for 16 hours and tested at -60⁰F. Both
surfaces show a ductile fracture mode. Inclusions resting on the micro-voids of the MA sample are possible stress
risers that promote premature failure.

Both images are taken near the sample notch at which the primary failure mode was ductile
fracture. These SEM images show a ductile fracture mode due to the micro-voids created as the
impact specimen plastically deformed. The A36 sample’s voids appear to be structured like a
closed-cell foam whereas the MA sample micro-voids look like dimples. Located on some of the
MA fracture surface dimples are inclusions about 5μm in diameter. These inclusions are
possible stress risers that can propagate crack growth quicker than expected based on the
microstructure, and thus cause premature failure. An EDS scan on one particular dimple (Figure
15) revealed that the particle is spheroidized cementite.

16

Figure 15. SEM Image used for EDS scan. Center particle is the scanned particle while the top left section was
scanned as the bulk material.

Tables II and III quantify the elements detected from the EDS scan on the bulk material and the
inclusion respectively.
Table II: Composition of Bulk Material at Fracture Micro-Void

Table III: Composition of Particle at Fracture Micro-Void

The bulk material has a similar weight percent carbon than what is expected with ferrite while
the inclusion has both the expected weight percent and atomic percent of cementite.
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4. Discussion
i. Microstructures
The microstructures formed from the oil quench have notably different hardenability.
The degenerated pearlite formed in the A36 steel is not as hard as the martensite formed in the
MA samples, however it is expected to have more ductility, and possibly higher toughness
depending on the impact test temperature. The chemical composition of each alloy had a major
effect on the structure formed upon quenching. Since all MA samples had a higher alloy
content, its critical cooling rate to form martensite is slower than that of the A36 alloy. Alloy
content effects critical cooling rate because more substitutional alloys present results in more
inhibited carbon diffusion. The higher hardenability of the MA steel compared to the A36 steel
justifies the higher hardness exhibited by MA in the as-quench and both temper conditions.
After 8 hours of tempering, both alloys show a similar microstructure of ferrite with a
spheroidized iron-carbide, except the average grain size for MA samples appears smaller. The
smaller grain size suggests that precipitation has occurred as a result of the Q&T process and
nanoscale precipitates are successfully pinning ferrite grain boundaries. Regarding the SEM
images of both 8 hour samples, the carbides formed nucleated at similar sites plus they are of
near-equal size. Both alloys had nucleation occur at ferrite grain boundaries plus the
boundaries of the prior structure of the as-quenched condition; A36 carbides nucleated at
prior-pearlite sites while carbides formed in MA samples nucleated at prior-martensite laths.
There is no other carbide nucleation occurring within ferrite grains aside from at prior-structure
sites, suggesting that an 8 hour temper at 600⁰C does not provide enough Gibb’s free energy
from homogenous nucleation of iron-carbide from the ferrite matrix.
Increasing the tempering time from 8 to 16 hours results in little change to the
microstructure. Both the A36 and MA samples show the same ferrite and spheroidized ironcarbide structure developed from the 8 hour temper. The major difference between the
tempering times is that the average grain size increased for both alloys. SEM imaging provided
two other observations beyond grain coarsening. Both alloys experienced changes in average
carbide size and nucleation site. A36 and MA samples had an average carbide size of 1μm after
18

8 hours of tempering, increasing the tempering time to 16 hours caused that value to double to
2μm. Carbides formed during the 16 hour temper for both alloys were able to nucleate at any
location within the ferrite grain, not just at heterogeneous sites like a grain boundary or priorquench structure boundary.
ii. Microhardness
MA samples being harder than the A36 samples in every processing condition is
evidence of both the higher hardenability of the MA steel discussed previously, plus
precipitation of the microalloy elements. The degenerated pearlite formed from quenching the
A36 steel in oil results in a hardness increase of about 30 HV whereas quenching the MA steel
increases hardness by over 100 HV. Between the 8 and 16 hour temper, both samples showed a
hardness decrease. The only conclusion that can be made from this observation is that the peak
age for hardness for both steels is before 16 hours. It is even possible that peak age occurs
before 8 hours of tempering and the 8 hour temper hardness values are not the maximum
hardness attainable through tempering, however a temper condition before 8 hours for these
alloys must be tested to confirm such a claim. Since 16 hours is certainly overaged for the MA
steel, the Larssen-Miller has been proven incorrect for an MA steel of this specific composition
and processing history.
iii. Grain Size
There are three observations from the grain size determination that suggest that
precipitates have undergone Ostwald Ripening and are ineffective in strengthening the ferrite
matrix plus pin ferrite grain boundaries. The first observation is that increased temper time
beyond 8 hours results in grain coarsening for both alloys. This observation, coupled with the
hardness reduction between 8 and 16 hour tempers is evidence of a lack of effective
precipitation in both alloys. The second observation is that both alloys increased their average
grain at a similar rate. The average grain diameter for the A36 steel increased from 8.5μm to
11.5μm, an increase of 35.3%. MA average grain diameter increased from 5.9μm to 8.0μm, an
increase of 35.6%. Both alloys increasing their grain size at a near-identical rate reveals that the
precipitates in the MA steel have lost their ability to pin ferrite grain boundaries. The final
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observation that implies Ostwald Ripening is that the average grain size of the 8 hour temper
MA sample is higher than that of the as-received sample for the same alloy. At some point
within the first 8 hours of tempering it appears that Ostwald Ripening has already begun,
however its effect is maximized in the time between 8 and 16 hours of tempering.
iv. Percent Secondary Phase
One major conclusion can be drawn from the data on percent secondary phase present
for each alloy and processing condition. The conclusion stems from the fact that the percent of
secondary phase does not significantly change between an 8 and 16 hour temper for the MA
steel. Since the MA steel experiences a hardness reduction without any change in the amount
of secondary phase present alongside ferrite, it can be concluded that the ferrite is the
dominant microstructure for determining the mechanical properties. Further, this shows that
the ferrite grain size is the largest factor in determining properties and thus the major role the
precipitates play is their ferrite grain pinning as opposed to their dispersion strengthening.
v. Charpy Impact Testing and Fractography
Even though all tempered samples tested at -60⁰F fall above the 27J requirement by
ASTM A350, there are some concerns with the Charpy Impact Test results. First is the MA
sample tested at -60⁰F. For the 0⁰F and -150⁰F tests, increasing temper time from 8 to 16 hours
results in a toughness increase, and for MA samples tested at-60⁰F, the opposite occurs. The
fractography investigation showed microscale particles resting on the micro-void surfaces of
the fracture surface for this sample alone, and EDS revealed the inclusion to be the cementite
formed from tempering and not an impurity. From this investigation, it appears that a 16 hour
temper process is not favorable since the iron-carbide formed can grow too large and
contribute to a premature failure by acting as a stress concentrator. Inclusions resting on the
micro-voids of A36 samples were not found during the fractography investigation, so further
work involving the fracture surfaces of the MA 16 hour tempers tested at -150⁰F and 0⁰F should
be conducted in order to confirm this phenomenon is specific to this particular composition of
MA steel.
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The second discrepancy is with the A36 samples tested at 0⁰F. Between the as-quench
sample and the 8 hour sample, toughness decreases. The concern is not that the A36 as-quench
sample is too high at this temperature, the degenerated pearlite microstructure is tougher than
that of the martensitic MA steel in this condition, the concern is that the ferrite and
spheroidized iron-carbide is not as tough as the degenerated pearlite. The experimental design
is at fault for the uncertainty behind these two observations. Having three samples per
processing condition and test temperature would allow for a clearer indication of the true
toughness for each specific test condition. A major reson that three samples are required for
each test condition is because there is inherent uncertainty with running the test at
temperatures below room temperature. The test specimen must be quickly transported from
the liquid nitrogen to the test fixture, and any variance in the time it takes to load a sample will
result in a toughness value different than expected.

5. Conclusions
1. The vanadium inclusion results in higher hardness in all processing conditions.
2. A 16 hour temper at 600⁰C is overaged for hardness.
3. A 16 hour temper at 600⁰C is equal to or over peak age for toughness.
4. Longer tempering time results in coarsened carbides that lower impact energy.
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